Abstract-To explore use of the Magnetohydrodynamic Voltage (VMHD), observed in intra-MRI 12-lead electrocardiograms (ECG), to indicate the timing of the onset of left-ventricular mechanical activation (LVMA) and the orientation of the aortic-arch (AAO). Blood flow through the aortic arch during systole, in the presence of the MRI magnetic field (B 0 ), generates VMHD. Since the magnitude and direction of VMHD are determined by the timing and directionality of blood flow relative to B 0 , we hypothesized that clinically useful measures, LVMA and AAO, could be extracted from temporal and vectorial VMHD characteristics. VMHD signals were extracted from 12-lead ECG traces by comparing traces obtained inside and outside the MRI scanner. VMHD was converted into the Vectorcardiogram frame of reference. LVMA was quantified in 1 subject at 1.5T and 3 subjects at 3T, and the result compared to CINE MRI. AAO was inferred for 4 subjects at 3T and compared to anatomical imaging of the aortic arch orientation in the transverse plane. A < 10% error was observed in LVMA measurements, while a < 3°error was observed in aortic arch orientation measurements. The temporal and vectorial nature of VMHD is useful in estimating these clinically relevant parameters.
INTRODUCTION
The electrocardiogram (ECG) is a clinical standard for monitoring patient cardiac activity. Its use for imaging synchronization and for physiological monitoring within Magnetic Resonance Imaging (MRI) scanners is complicated due to the presence of the MRI static magnetic field (B 0 ), which creates Magnetohydrodynamic (MHD) distortions caused by interactions between B 0 and blood-plasma electrolytes ejected into the aortic arch during early systole. 18 MHD distortions induce a voltage (VMHD) overlaid onto ECGs obtained within the bore of the MRI. In ( ‡1.5 Tesla) MRI, and in large-diameter vessels where the direction of the blood flow and B 0 is are approximately orthogonal, the large-amplitude VMHD may obscure the ECG's QRS complex. 6, 23 VMHD overlay in ECG signal traces can result in intermittent QRS detection for cardiac MRI synchronization/gating, leading to motion artifacts in the acquired images and longer scan times. 5 Traditional methods for cardiac MRI gating treat the MHD signal as an artifact and attempt to remove it from the real ECG. 26, 27 Methods of QRS complex detection in the presence of high-field MRI include Vectorcardiogrambased (VCG) approaches, 8, 13 signal pre-processing, 21 independent component analysis, 22, 29 and cross-correlation based methods. 34 Previous work has demonstrated that VMHD can be mathematically extracted from intra-MRI ECG traces, through subtraction of ECGs recorded inside (ECG real + VMHD) and outside the MRI (ECG real ). 35, 37 The relationship between the temporal variations in VMHD and blood flow velocity and directionality 26, 27 suggest that information regarding the heart's mechanical performance can be extracted from the magnitude and direction of the MHD voltage detected at each of the 10 surface electrodes used in the 12-lead ECG acquisition. Due to the strong relationship between cardiovascular blood-flow and cardiovascular function, there is a potential to derive clinically relevant metrics derived from further analysis of the vectorial nature of VMHD. Several theoretical studies have discussed its clinical potential in depth 1, 2 but there is a scarcity of experimental study and verification.
Monitoring of the vectorial VMHD may allow for non-invasive assessments of cardiovascular physiology through the use of a strong magnetic field. In the current study, we investigate two potential applications of the MHD effect using the static magnetic field of an MRI scanner, allowing for non-invasive cardiovascular information to be obtained continuously during each cardiac cycle. Determination of these metrics using MRI imaging is possible, but it requires (i) a much longer acquisition time, which prevents beat-to-beat comparisons to be performed and (ii) dedication of the entire imaging session for this purpose, which prohibits the use of the MRI for obtaining a host of other physiological and anatomical data.
Left Ventricular Mechanical Activation
The onset of cardiac Left-Ventricular Mechanical Activation (LVMA) is a measure of the elapsed time between the R-wave peak (R peak ) in the QRS complex and the initial mechanical contraction of the left ventricle (LV) lateral-wall. LVMA is typically evaluated using ultrasound tissue Doppler Imaging, 30 MRI gradient echo (GRE) CINE imaging 11, 19, 42 and Displacement Encoding with Stimulated Echoes (DENSE) CINE. 4, 11 These methods typically assess levels of ventricular dyssynchrony, the timing of such initial contraction in several cardiac regions, in an effort to optimize pacing lead placement for cardiac resynchronization therapy (CRT). 3 Average dyssynchrony levels across the ventricle wall can be used as an estimation of LVMA, providing a method of comparison between patients as an effort to assess need and potential for positive response to CRT. Abnormal LVMA and associated ventricular behavior have also been shown to be an important factor in the prediction of cardiac events. 9 We hypothesize that a method of post-processing ECG and extracted VMHD signals recorded in the presence of a magnetic field can be used to quantify LVMA and averaged LV dyssynchrony levels.
Aortic Arch Orientation
The orientation of the aortic arch relative to the human chest, specifically in the Anterior-Posterior (A-P) direction, has been shown to be correlated with risk of atherosclerosis, and hypertrophic obstructive cardiomyopathy. 25, 28 Longitudinal monitoring of this feature over the course of such diseases or after surgery may provide a tool to non-invasively assess risk and patient condition.
MATERIALS AND METHODS
12-lead ECG traces were recorded during 20-s breath-holds in the presence of a strong magnetic field using an MRI-conditional 12-lead ECG system modified from a GE digital Cardiolab-IT 16-bit ECG recorder (Waukesha, WI) with a standard 12-lead ECG chest placement at a sampling frequency of 2 kHz. MRI Gradient Echo (GRE) CINE data was obtained to validate VMHD-based metrics for each test subject. [15] [16] [17] [36] [37] [38] 
Study Population
The study was conducted with Institutional Review Board (IRB) approval. Subjects in poor physical condition before the procedure or at any stage during (such as unable to hold their breath) were immediately excused from the procedure. LVMA was quantified in four healthy subjects: one subject at 1.5T, and three subjects at 3T. Quantification of Aortic Arch Orientation was performed using two patients diagnosed with Atrial Fibrillation (AF) at 3T, and two healthy subjects at 3T (healthy subjects #3 and #4 from the LVMA study).
ECG Signal Preprocessing
ECGs were recorded using the MRI-conditional 12-lead ECG system with default pass-band filters of 0.05-100 Hz. 37 Post-processing of the 12-lead ECG traces was performed using custom Matlab (MathWorks, Natick, MA) routines. ECG traces were analyzed in the Vectorcardiogram (VCG) domain and synthesized into VCGs using an inverse Dower Transform 10 (iDT). The iDT utilizes all 8 independent traces obtained from the 12-lead ECG recordings (Eqs. (1), (2)). iDT is an experimentally determined transform matrix, calculated from simultaneous measurements of 12-lead ECGs and a standard VCG.
Time stamps for occurrences of the QRS complex were recorded using the 3DQRS method, 15 and then verified by a cardiologist; S-T segment detection was performed by a cardiologist. Time-integration of systolic VMHD was performed for deduction of aortic arch orientation during the S-T segment and calculated for each recorded cardiac cycle (R-R interval) during the 20-s breath-hold. An average of time-integrated systolic VMHD was taken over the 20-s period.
The three VCG directions, X, Y, and Z, respectively, denote the Left-Right, Anterior-Posterior and Superior-Inferior directions in the anatomical reference frame. In terms of body planes, X-Z describes the frontal plane, X-Y the transverse plane, and Y-Z the median or mid-sagittal plane (Fig. 1b) .
Left Ventricular Mechanical Activation

VMHD-Based Approach
VMHD-based LVMA estimation was performed through the measurement of the timing delay between the R peak in the QRS complex (electrical) and the onset of blood flow (mechanical contraction) marked by the first recorded VMHD peak (MHD 1 ), both in the VCG domain, where the VCG is presented by its X, Y, and Z traces as a function of time. R peak and VMHD peak were identified in the VCG domain, with the corresponding time stamps then retrieved and utilized towards the measurement of the time interval.
MHD 1 was deemed to be the start of mechanical contraction due to the strong correlation between the MHD signal and aortic blood flow. 26, 27 Due to the sensitive nature of the timing measurements, a specific protocol was used to determine when R peak and MHD 1 occurred. The R peak was calculated by finding the maximum R-wave vector length in the VCG domain, using methods previously described. 8, 13 MHD 1 was subsequently measured to be the first vector after the J-point that deviated from the R peak vector by a magnitude of 30°, shown to be a reliable threshold for differentiating blood-flow potentials and R peak in a majority of patient orientations 13 ; due to the typical orthogonal relationship between VMHD and the QRS complex in 3T MRI, as seen in the VCG domain. 13, 24 This can be illustrated through the viewing of VCGs obtained inside the MRI scanner (Fig. 1) .
The time at which R peak and MHD 1 occurred was measured using this method for each cardiac cycle over II  V1  V2  V3  V4  V5  V6   2   6  6  6  6  6  6  6  6  4   3   7  7  7  7  7  7  7  7  5 ð2Þ the course of each 20-s breath hold. The time difference between R peak and MHD 1 recorded during each cardiac cycle was averaged for each subject and used to represent VMHD-based subject LVMA levels.
MRI-Based Validation
MRI-based LVMA levels were obtained by analyzing ECG-gated short-axis GRE CINE MRI images over the various time delays (cardiac phases) after the R peak . LVMA was determined to occur when 10% LV lateral wall displacement occurred. 40 The time to 10% LV lateral wall displacement was measured by tracking changes in the maximum LV short-axis diameter over successive Cine images of the same slice. Displacements between Cine images were estimated using a calculated linear interpolation between images. Temporal resolution of this method was approximately 20 ms for Subjects 1, 2, and 3, and 6 ms for Subject 4.
This analysis was performed for four healthy subjects: one at 1.5T, and three at 3T.
Aortic Arch Orientation
For the purposes of this study, the aortic arch orientation was defined as the angle, located in the transverse plane, formed between the aortic-arch and the patient's coronal (Left-Right) chest plane, oriented using thoracic vertebrae.
VMHD-Based Approach
Due to the sensitive nature of these measurements, electrode position will affect VCG synthesis. Electrode position is expected to vary with subject chest size 31 and repeated applications, 39 subsequently causing ECG variations. Variations have been shown to be limited when specific electrode placement procedures were followed 31, 32 and trained electrocardiography technicians were used to place the electrodes, 39 whereas the R peak amplitude was shown to only experience a maximum error of 200 lV for up to 2 inches of placement error, generally keeping the error levels to be <7% in the ECG domain, assuming a R peak of <3 mV. 12 Variations in the amplitude of the MHD signal due to these issues have not been thoroughly studied at this time.
Several techniques in the synthesis of MHD-based arch orientation were employed to reduce error levels present in the final calculation. These techniques involved operating in the VCG domain transformed to the MRI coordinate plane (Fig. 1a) , averaging of error levels, and signal normalization in order to obtain a more precise level of measurement. This method, an improvement on prior work, 37 can increase the esti-
In order to estimate the aortic-arch orientation, the VMHD vector was extracted from VCG traces synthesized from ECG traces obtained inside the MRI. This was performed in three steps. The first step 18 was to integrate the VCG trace obtained inside and outside the MRI in each of the three directions (X, Y, and Z) over the S-T segment (Eq. (3)), to produce two timeintegrated S-T segments, ST outside and ST inside , respectively. The signal was only integrated over the S-T segment due to the dominance of the MHD signal during early systole, as compared to T-wave contributions, which was after the blood has left the aortic arch and entered other vasculature. 18 The ST inside contained the MHD signal and was thereby proportional to the blood flow, while ST outside contained only contributions from the subject's true ECG (e.g. the actual S-T elevation, which is subject specific).
ð Þ i;j dt; where i ¼ X; Y; Z and
The second step 6 involved subtracting ST outside from ST inside in each of the three VCG directions, X, Y, and Z, where X denotes the Left-Right, Y the AnteriorPosterior and Z the Superior-Inferior directions, in order to obtain the time-integrated MHD signal in the VCG domain. This relied on the assumption that the true ECG signal during the ST segment contribution does not change between measurements made inside and outside of the MRI bore. This may not always be true as R peak may sometimes shift inside the MRI bore as compared to recordings taken outside the MRI bore. In order to minimize such errors, each ECG cycle was scaled to 60 beats per minute to ensure a proper subtraction of ST inside and ST outside , and subsequently scaled back to the original heart rate after cardiac cycle subtraction was performed. 37 This equal lengthening allowed obtaining an accurate estimation of beat-tobeat aortic arch orientation. An average value of aortic arch orientation was then taken based on calculated metrics from each cardiac cycle.
Due to the strong correlation between the MHD signal and aortic blood flow, this summed blood flow potential over the S-T segment recorded inside the MRI (ST inside ) should be related to Stroke Volume (SV), thereby deemed a Stroke Volume Index (SVI) after the baseline ECG levels (ST outside ) had been removed, isolating the MHD signal contribution from the contribution of the true time-integrated ECG (Eq. (4)).
The third step 23 involved the assumption that the majority of the SVI was due to blood flowing within the aortic arch, thereby suggesting that directionality measures of SVI in the transverse plane of the human torso should be equal to directionality measures of the aortic arch (Eq. (5)).
MHD-based aortic orientation was calculated during each cardiac cycle over the course of the 20-s breath-hold. Due to the potential for variability in the MHD signal in healthy patients, 14 an averaged MHDbased orientation measure was obtained for each 20-s breath-hold. A similar method could then be applied to deduce the aortic orientation in the sagittal and coronal planes by altering Eq. (5) to calculate alternate angles. This method was not applied in the sagittal and coronal planes.
MRI-Based Validation of Aortic-Arch Orientation
Method validation was performed through highresolution paired subject MRI scan data using the following GRE MRI scan parameters: TR/TE 28.8 ms, 1.31 ms, slice thickness 5 mm, and sequence variations of segmented k-space (SK), spoiled (SP), and oversampling phase (OSP). Orientation was calculated from a transverse MRI slice, using thoracic vertebral bodies as a point of axis alignment, by drawing a vector from the intersection of the coronal and sagittal planes through the ascending and descending aorta. The angle between the vector and the body plane was then measured for assessment of MRI-based orientation.
This analysis was performed in four subjects at 3T: two subjects diagnosed with Atrial Fibrillations (AF), and two healthy subjects.
Evaluation of Methodology Sensitivity
To evaluate the sensitivity of the method to changes in magnetic field direction, 12-lead ECG recordings were obtained while healthy subject #3 was positioned in three test configurations: (i) feet first with the heart at MRI isocenter; (ii) horizontal in the supine orientation while lying directly outside and parallel to the MRI bore entrance; and (iii) horizontal on their side while lying directly outside and parallel to the MRI bore entrance.
RESULTS
Left Ventricular Mechanical Activation
The 12-lead ECG traces were recorded (Figs. 2a1-2a4 ) and the associated LVMA was calculated for each volunteer subject using both VMHD (Figs. 2b1-b4 ) and MRI-based (Figs. 2c1-2c4 ) approaches. LVMA is clearly visible using each technique (Figs. 2b, 2c) .
Mean LVMA values were determined using VMHD and MRI-based methods, with percent deviation from MRI measured values calculated (Table 1) . The discrepancy in VMHD-based relatively to the MRI-based measurements were consistently <10%.
These results are consistent with levels reported for healthy adults, 9, 40 which are typically less than 80 ms, whereas certain disorders can increase this delay to up to 140 ms. 33 
Aortic Arch Orientation
Due to variations in the direction of the magnetic field outside of the MRI bore, MRI manufacturer specified magnetic field information was obtained to measure the subject rotations relative to changes in the magnetic field direction.
20 VMHD vectors were extracted from recorded 12-lead ECGs using techniques described in the Methods section and then rotated to the MRI reference plane (Fig. 1a) for direction comparison (Fig. 3d) .
For each approximately 90°subject rotation, a similar rotation of the extracted VMHD vector was observed (Fig. 3d) . This illustrates the dependence of VMHD on both magnetic field and blood flow. Some of the measurement errors can be explained by the shift in the heart's position within the chest as the subject was positioned on their side, as well as on relatively low magnetic-field homogeneity outside the MRI bore.
Orientation was calculated in the transverse plane for each subject using both ECG and MRI based techniques (Fig. 4) . Resultant orientation measurements were, using ECG vs. MRI methods; AF patient #1: 37.8°vs. 39.9°, AF patient #2: 67.7°vs. 64.8°, healthy subject #3: 17.8°vs. 18.4°, and healthy subject #4: 65.1°vs. 66.3°. The error was <3.0°for all subjects.
DISCUSSION
The MHD voltage was utilized to estimate two clinically relevant parameters through post-processing of standard 12-lead ECG signal traces. This information can be easily integrated into cardiac MRI routines, since it comes ''for free'' when cardiac MRI with ECG gating is performed. Compared to the duration of a normal cardiac scan, approximately 45 min, an average of 5 min was required for patient preparation and application of 12-lead electrodes, with an additional 3 min needed for breath-holding instruction training. While in this study, data was acquired during breath-holds, ECG traces enabling VCG calculation can be acquired without breath-holding, with appropriate filtration of respiratory artifacts. In this feasibility study, manual S-T segment identification was required for accurate metric computation, a process which could be automated performed in the future for more efficient integration into the clinical workflow.
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VMHD with the heart at magnet isocenter was deemed to be primarily generated from aortic arch blood flow for three reasons: (i) the blood flow velocity is greatest in the aortic arch immediately following left ventricular ejection, relative to other vasculature, with pulmonary flow velocity typically £50% that of aortic velocity, 41 (ii) the aorta is the largest diameter blood vessel in the region of interest, 18, 26, 27 and (iii) the blood flow through the aorta is approximately perpendicular to the MRI main magnetic field direction as compared to other vasculature, 18, 26, 27 which increases the aortic VMHD contribution comparatively (iv) the magnitude and direction of the MHD voltage observed can be explained entirely based on the aortic-arch contributions. 18, 29 Branches of the pulmonary arteries were excluded from consideration due to the bilateral symmetry of the vasculature, causing induced VMHD to be of an opposite polarity in branch, resulting in negligible net induced VMHD. In order to further validate the source of VMHD, beyond the present literature, a comprehensive simulation of VMHD contributions by both systemic and pulmonary arterial systems should be performed.
The LVMA measurement resolution using the MRI imaging method was limited by its own temporal resolution and sequence repetition time, while the proposed VMHD method was able to consistently maintain a high level of resolution due to the higher (2 kHz) sampling rate of the ECG signals, which was shorter than the~20 ms temporal resolution of the repetition time (TR) in CINE scans. VMHD based LVMA calculations can be performed beat-to-beat with a 1 Hz update rate once the subject is located within the bore of the MRI, while MRI based LVMA requires a longer acquisition time. This tool can potentially be used as an indicator of overall levels of LV dyssynchrony, providing clinicians with the ability to rapidly compare relative levels in patients and evaluate treatment plans, and serving as a global indicator of ventricular behavior to alert clinicians that a higher resolution MRI scan should be performed.
Rapid estimation of the aortic arch orientation was performed through analysis of the MHD signal and validated through MRI measurements, proving to be a potential assessment and diagnostic tool.
In conclusion, this feasibility study demonstrated that the MHD voltage can provide important insight into the function and anatomy of the heart, providing a quicker diagnostic tool than conventional MRI scanning. Methodologies presented in this body of work can be implemented in the form of standalone devices that feature strong magnetic fields which allow for bio-potential measurements.
Future work includes further validation of these methods in a larger population of patients and subjects as an effort to determine sensitivity in patient diagnosis.
Limitations
Due to the sensitive nature of the aortic arch orientation measurements presented in this body of work, electrode position will affect VCG synthesis and is expected to vary during repeated applications and patient anthropometry as previously discussed. This presents a limitation for repeatability and accuracy of this method, generally <7% error in the ECG domain, assuming a R peak of <3 mV. 12 A second limitation lies in the assumption that the signal contributions of the true ECG recordings taken inside and outside the MRI bore are equal, allowing for extraction of a pure MHD signal, which will not always be the case. The magnetic field outside the MRI scanner can, experience a variation of up to 7.3%, subject to the specific MRI scanner type utilized, 20 so the results reported in Fig. 3 may have large associated errors.
While it was demonstrated that VMHD can characterize the time to contraction and the aortic arch orientation, more work is required in order to prove the clinical application to specific diseases. VMHD derived aortic arch orientation was found only in the transverse plane and characterization of the arch in the coronal and sagittal planes is necessitated to further study related pathologies.
Modeling of the total MHD signal, including contributions from other vasculature, such as the pulmonary arteries, may be necessary in order to further understand the temporal and spatial information that can be obtained, potentially allowing the MHD signal to become a clinical tool for diagnosis and monitoring.
The small number of subjects studied presents a limitation to the method efficacy.
Beat-to-Beat variation in both measured parameters may also affect the accuracy of each method, although the metrics reported herein were averaged over 20 cardiac cycles to minimize error.
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